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As the demand on LNG is drastically increasing and the discovery of new large gas fields is 6 continuously taking place worldwide, the pace of change and development in LNG liquefaction 7 technology is becoming more rapid than ever before. LNG production is estimated to hit 320 million 8 9 tonnes per annum (MTPA) by 2015 and to 450 MTPA by 2020 as reported by Wood [l] . In order to 10 meet this escalating demand, most of the existing and new LNG plants are looking for opportunities to 11 make a further increase in their LNG capacity and building larger LNG trains which will provide 12 economic benefits and be process efficient. Since the 1970s, when the kick started for the LNG plant 13 and until the present day, three main LNG processes have been applied in the LNG plants viz. Single (AP-X™), Dual mixed refrigerant (DMR) and Parallel mixed refrigerant (PMR) [3] . Most of the 19 existing LNG plants have three main cooling cycles, namely the pre-cooling, liquefying and sub-cooling 20 21 cycle. Earlier LNG plants that employed the SMR process did not have the pre-cooling cycle, and 2 2 instead the natural gas was cooled directly to -160°C using a single mixed refrigerant. The pre-cooling 23 cycle is the first cycle in an LNG process which removes the heat from natural gas to a temperature 24 range between -30°C to -55°C depending on the pre-cooling technology applied. As a result of 25 technological advancement, the pre-cooling cycle can now be designed using either pure refrigerant or 49°C using the air cooler. The condensed propane is then recycled back to the propane evaporator.
12 Figure 1 shows the simplified process scheme of propane pre-cooling cycle. In this study, six case studies as shown in Table 3 have been studied with different operating conditions 2 7
applied at each evaporator stage to analyse the performance of the propane pre-cooling cycle. The operating conditions of the propane evaporator is changed through an expansion valve that is located Case s Case studies presented are defined as follows: Analyse the process parameters : Duty of LNG HX and AC, LNG HX area and compressor power. The exergy efficiency of the process is defined as the ratio of the difference between the total 28 compressor power required and the total exergy loss to the total amount of power required by the system 29 (Eq.4). The exergy efficiency is expressed as:
where L W1oss is the total exergy loss work from each unit operation .
36
( 4) 37 The expressions to determine the exergy loss for all the unit operations in this study are summarized in 38 •.
• There is no stream data for case 6 due to the exit temperature of methane stream is -9.97°C and the cooling range for case 6 is (S"C, O"C, -40"C). Therefore . . . 5.57 % for the compressor power and air cooler duty respectively . Meanwhile, as can be seen in 12 Figure 6 , the total propane flow rate of Case 6 is also reduced by 8.6% compared to the baseline case. Distribution of the propane evaporator duty at each stage and its total area required for all case studies 5 are reported in Figure 7 and Table 6 . As can be seen in Figure 7 , the cooling duty is transferred from 6 the HP stage to the LP stage of propane evaporator (i.e. Case 1 to Case 6). Duty of the propane 7 evaporator is determined using (Eg. 5).Rearranging (Eg.5) gives (Eg. 6) which is used to determine the 8 9
propane evaporator area. The overall heat transfer coefficient (U) for propane refrigeration cycles was 10 taken as an average value of 425 W/(m 2 .K) [30] . Based on this U value, the propane evaporator area for 11 each case was determined. As shown in Table 6 , Case 6 gives the lowest propane evaporator area for 12 the same cooling duty which is 46.89% lower compared to the baseline case (Case 1). This indicate §. Table 6 Fig. 7. Effect of different operating conditions of propane evaporator on its duty and total area. As can be seen in Figure 8 , the COP of Case 6 increase §. by 15.51% while the SP reduces by 13.5% in 30 comparison to the baseline case ( ase 1).Based on the above observation, the required shaft power can 31 be minimized by reducing the cooling duty at the intermediate stage §. of the propane evaporator. 
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Exergy loss for each unit operation in the propane pre-cooling cycle was determined using the equations 25 as presented in Table 4 . As shown in 
